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We compare the Raman scattering properties of hybrid nanostructures consisting of Ag nanoparticles (NPs) 
in disordered and aligned arrangements on single-walled carbon nanotubes (SWCNTs) as a result of 
chemical and photoreduction methods. In the latter case, the unique structure of the very small Ag NP (from 
4 to 7 nm) chains generated an extremely large mode at 969 cm" 1 that was assigned to the sulphate-silver 
interaction at the NP surface. Another strong mode was present at 1201 cm" 1 and was assigned to an 
IR-active mode of sodium dodecyl sulphate (SDS); this mode was observed because the symmetry changes 
altered the selection rules. We demonstrate that both the UV photoreduction of silver and the presence of 
SWCNTs are necessary to produce this very strong Raman scattering. The Raman modes of the SWCNTs are 
also significantly modified by the presence of Ag NP chains along the nanotubes. 

Functionalisation of carbon nanotubes (CNTs) by noble metal nanoparticles (NPs) has been recently studied 
for applications in nanotechnology, including sensors 1 ' 2 , molecular electronics, photonics, energy conver- 
sion 3 and storage 4 , light emission and bio-labelling 5,6 . The unusual properties that result from the combina- 
tion of the unique structure of the CNTs and the enhanced electromagnetic field (EF) induced by the interaction 
between the noble metal NPs and light are beneficial for label-free detection. Recently, it has been shown that 
discrete particles could be more suitable than rough films for detecting molecules 3 . The predicted strong EF 
enhancement induced by Ag- decorated CNT nanostructures has been demonstrated very recently in single- 
molecule surface-enhanced Raman scattering (SMSERS) experiments on pyridine molecules 7 . However, the 
development of a well-controlled nanoantenna 8 " 10 that combines high resolution, strong EF enhancement and 
good mechanical properties is one of the main challenges for sub -wavelength label-free spectroscopy. Sub- 
wavelength label-free spectroscopy includes tip-enhanced Raman scattering (TERS) 11-13 and tip-enhanced 
infrared scattering (TEIRS) 1415 . CNTs that are functionalised by silver NPs could be used as local probes to simulta- 
neously provide nanoscale resolution for surface imaging and chemical identification by near-field spectroscopy. 

Many techniques for the chemical synthesis of silver-decorated CNTs are described in the literature 16 " 18 . 
However, theoretical predictions show that the EF strongly depends on how the NPs are organised on the 
CNTs. For example, dimers and trimers of silver NPs have been demonstrated to produce strong Raman 
scattering enhancement 19 . Electromagnetic interaction in a ID array obtained by electron beam lithography 
induces a near-field coupling between metal NPs 20,21 . A theoretical calculation predicted that arrays of carbon 
nanotubes filled with silver cylinders generate 10 6 enhancement in the Raman signal of absorbed molecules 22 . 

Sodium dodecyl sulphate (SDS) molecules can induce a well-organised molecular structure, as shown by Tan 
et at. 23 , for palladium-decorated single-walled carbon nanotubes (SWCNTs). These authors suggested that the 
palladium NP helix structure results from the formation of a self-organisation mechanism of the SDS molecules 
on the surface of the SWCNTs due to the inter- chain van der Waals interaction between the alkyl chains. 
However, the ionic sulphate group is expected to interact with the silver NP surface, whereas the hydrophobic 
alkyl chains adsorb on the SWCNTs. The final structure depends on the interactions between the following three 
pairs: bridging molecules and SWCNTs; bridging molecules and NPs; and the molecules themselves. 

The morphologies of Ag@CNT nanostructures have been described by scanning probe and electron micro- 
scopy, but, to our knowledge, the chemical and physical interactions among CNTs, bridging molecules and NPs 
have not been studied due to the very low number of SDS molecules and their relatively low cross-section 
scattering. In this paper, we investigate the possibility of stabilising very small silver NPs (<10 nm) onto 
SWCNTs by using SDS molecules to locally enhance the EF via the combination of two resonant single 
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nano-objects (SWCNTs and Ag NPs) to obtain signals from localised 
interactions. The nanostructures were obtained by both chemical 
reduction and the photoreduction of silver salt in a suspension of 
SDS-functionalised SWCNTs. The physical characterisation was 
performed using transmission electron microscopy, X-ray diffrac- 
tion, infrared spectroscopy, UV-vis absorption and Raman 
spectroscopy. 

Results 

As shown in Figure 1, the morphology of Ag@SDS@SWCNTs 
depends strongly on the method used for the silver salt reduction. 
Photoreduction leads to small homogeneous particles (from 4 to 
7 nm) that are well aligned on both the isolated SWCNTs and the 
SWCNT bundles. Several silver particles that are separated from the 
nanotubes are also visible. These results suggest that the photoreduc- 
tion method induces a strong interaction between silver particles and 
carbon nanotubes. In comparison, the chemical reduction of the 
silver particles onto SWCNTs results in larger particles (from 15 to 
25 nm) with a higher size dispersion. These findings are consistent 
with previously reported results on the reduction of noble metal 
salts 24 . Additionally, the photoreduction method also prevents resid- 
ual chemical impurities from occurring. 

These results show that the silver NPs can be synthesised onto 
SWCNTs using the supramolecular self-assembly of SDS molecules 
that are wrapped around the SWCNTs. SDS molecules are adsorbed 
to the CNT surface through hydrophobic interactions between the 
hydrophobic linear chains of the SDS molecules and the sidewall of 
the CNTs 25 ' 26 (see Figure 2 and Supplementary Information Figure 
SI). Both the single nanotubes and the bundles covered by SDS layers 



are present in the suspension. However, the SDS molecules also form 
micelles in the suspension around the nanotubes. Only a few studies 
have been published on the use of SDS as a stabilising agent for silver 
NPs 27 . As shown in Figure 1, the size and morphology of the silver 
NPs strongly depend on the reduction conditions for the silver salt. 
UV photoreduction results in a homogeneous distribution of silver 
NPs with sizes ranging from 4 to 7 nm that are localised along the 
SWCNT bundles with similar inter-particle distances ranging from 2 
to 10 nm. This complex nanostructure is stabilised by the combina- 
tion of the SDS/SWCNT hydrophobic interactions and the strong 
interaction between the polar sulphate group of SDS and the silver 
surface. We observed more isolated NPs in the silver samples than in 
the Pd@SDS@SWCNTs (see Supplementary Information Figure S2). 
This result can be explained by the fact that the ionic exchange 
between Na + and Ag + is less efficient than the exchange between 
Na + and Pd 2+ because of differences in the radius (128 pm for Ag + 
and 73 pm for Pd 2+ ) and the ionic charges. 

Several characteristic features were observed in the Raman spectra 
of the SWCNTs, and each of these features can be used for structural 
and electronic characterisation 28,29 . As shown in Figure 3, the low- 
frequency radial breathing modes (RBMs), which are associated with 
a uniform radial motion of the atoms of the entire tube, confirm that 
the CNTs are single walled. The frequency of the RBM barely 
depends on the chiral angle of the tube but is inversely proportional 
to the diameter according to the empirical relation d = 248/co, where 
co represents the Raman shift. From our experimental data, we can 
calculate that the pure SWCNTs used in this study have diameters 
ranging from 0.95 to 1.35 nm. When SDS was absorbed onto the 
SWCNTs, both the position and the relative intensities of the RBM 




Figure 1 | TEM micrographs of Ag nanoparticles precipitated onto SDS-functionalised SWCNTs by photoreduction (UV-Ag@SDS@SWCNTs, 
(a-c)) and by chemical reduction (Chem-Ag@SDS@SWCNTs, (d-e)). 
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Figure 2 | Schematic representation for Ag NPs created from a template on SDS-wrapped SWCNT bundles. 



were modified (Figure 3b), which may be attributed to the charge 
transfer that is enhanced by the strong hydrophobic interaction of 
the SDS molecules with the sidewall n- electron of the SWCNTs; this 
enhancement is associated with a significant change in the electronic 
density of the state of the SWCNTs 30 . The RBM spectral region is 
strongly modified in the UV-Ag@SDS@SWCNT samples: the single 
RBM modes are not visible, and a new broad and strong mode 
appears at 226 cm" 1 . Conversely, the introduction of palladium 
(Pd@SDS@SWCNTs, see Supplementary Information Figure S3) 
or silver by chemical reduction (Chem-Ag@SDS@SWCNTs) does 
not affect the RBM region as much. However, the intensities of the 
D-band (1330 cm" 1 ) of both pure SWCNTs and SDS@SWCNTs are 
relatively weak compared to the G-band (1581 cm" 1 ). These results 
indicate that SWCNTs have a very high graphitisation purity and 
that SDS functionalisation does not affect the band intensity signifi- 
cantly. By contrast, the UV-irradiated SDS@SWCNTs show a slight 
increase in this ratio due to the formation of an irradiation-induced 
defect. The D-band/G-band intensity ratio is significantly higher for 
the UV- and Chem-Ag@SDS@SWCNTs (16% and 11%, respect- 
ively) than for the pure SWCNTs and SDS@SWCNTs (2.9% and 
3.1%, respectively) (Figure 3c). The maximum of the D-band and 
the G-band shifted slightly to a high-frequency region. The higher D- 
band/G-band intensity ratio observed for the UV-Ag@SDS@ 
SWCNT samples indicates that the silver reduction may have intro- 
duced some defects in the SWCNTs. This observation is correlated to 
a significant increase in the FWHM of the D-band, which is generally 
used to evaluate the carbon impurity that results from common sp 2 - 
hybridised carbon 28 . In addition, we observed a modification of the 
shape of the G' band at 2648 cm" 1 after the SDS functionalisation 
and the UV irradiation treatment. The intensity of the 2G broad band 
at 3154 cm" 1 increased after the introduction of silver by UV 
irradiation. 

SDS is characterised by several Raman modes localised at 
600 cm" 1 , which is assigned to an S0 3 vibration; 840 cm" 1 , which 
is assigned to RO-S0 3 stretching vibrations; 1087 cm" 1 , which is 
assigned to C-C stretching vibrations; and 1298, 1438, 2848 and 
2881 cm" 1 , which are assigned to the CH 2 vibration 31 . The fine profile 
of the SDS powder shows much more detail about the Raman vibra- 
tions of the SDS molecules (see Supplementary Information Figure 



S4). Preliminary measurements of SDS deposited from a 1-g.L" 1 
solution onto a silver SERS substrate, with average roughness equal 
to 22 nm, do not show the SDS Raman modes (Figure 3a). The SDS 
modes are not visible in SDS@SWCNT samples in different chemical 
surroundings, except for a weak feature at 2850-2900 cm" 1 , which is 
assigned to the -CH 2 vibrations of SDS in UV-Ag@SDS@SWCNT. 
The SERS measurement of the SDS solution also does not provide a 
significant Raman signal, possibly because the SDS molecules are 
non-resonant with the 514.5 nm laser excitation, and the Raman 
cross-section of the alkyl chains is too low to produce an inelastic 
scattering signal from the small number of molecules. 

Interestingly, the introduction of silver NPs to the SDS@SWCNTs 
drastically modifies the Raman spectra, as shown in Figure 3a, in a 
manner that is strongly related to the reduction conditions. For the 
UV- Ag@SDS@SWCNT samples, an extremely strong mode is present 
at 969 cm" 1 with an intensity similar to that of the SWCNT G-band. 
The position of this peak is reproducible for 25 measurement points 
with various relative intensities. This extremely strong mode is 
observed under 514.5-nm excitation at various powers (ranging from 
10 uW to 2 mW) and is stable as the acquisition time changes or after 
the samples are aged for 3 months. With a smaller amplitude, this 
mode is also visible at an excitation wavelength of 632.8 nm 
(Supplementary Information Figure S5). An additional strong mode 
is observed at 1201 cm" 1 for the UV-Ag@SDS@SWCNT samples. 
This mode is also stable for acquisition times ranging from 1 s to 
10 min and after the samples are aged for 3 months. Its intensity 
varies independently of the intensity of the 969 cm" 1 mode. 
Nevertheless, these two extremely strong modes are not observed 
for Chem-Ag@SDS@SWCNTs (Figure 3a) or for Pd@SDS@ 
SWCNTs 32 (also see Supplementary Information Figure S3) under 
the same conditions. A few other additional weak modes are present 
at 455, 627, 814 and 1053 cm" 1 . None of these vibration modes are 
visible in the other samples, as shown in Figure 3. This observation 
indicates that interesting physical and/or chemical effects are related to 
the UV-Ag@SDS@SWCNTs, which are discussed later in this paper. 

Discussion 

The combination of the two effects in the Ag@SDS@SWCNT nano- 
structures lead to a large EF enhancement at the inter-particle 
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Figure 3 | Raman spectra of SDS powder, SDS deposited on an Ag SERS substrate, pure SWCNTs, non-irradiated SDS-functionalised SWCNTs, UV- 
irradiated SDS-functionalised SWCNTs, Ag nanoparticles precipitated onto SDS-functionalised SWCNTs by chemical reduction (Chem-Ag@SDS@ 
SWCNTs) and by photoreduction (UV-Ag@SDS@SWCNTs) (a). Comparison of the Raman spectra of the RBM mode (b), and the D-band & G-band 
modes (c) of SWCNTs in different chemical surroundings. 



junction 22,33 ; these effects combine the extremely large Raman cross- 
section of SWCNTs under resonant conditions, which is caused by 
the quantum confinement of the electronic states in this ID mater- 
ial 34 and the strong field coupling between the NPs. Moreover, the 
self- organised molecular SDS structure in the gap shortens the dis- 
tance between the silver NPs and the SWCNTs (approximately 
1.5 nm); because of this proximity, we can also expect a strong coup- 
ling of the LSPR of silver with the SWCNTs (see Figure 4a). However, 
according to previously reported calculations of the EF enhancement 
in the dimers and trimers of noble metal particles 35 , a strong increase 
in EF enhancement occurs when the inter-particle distance decreases 
to a few nanometers and when the incident polarisation is parallel to 
the chain axis 22 ; for example, at 2-nm inter-particle distances, the EF 
enhancement has been estimated to be approximately 10 5 . 

The strong coupling of LSPR was investigated by measuring the 
UV-visible absorption spectra of UV-Ag@SDS@SWCNT and 
Chem-Ag@SDS@SWCNT samples (see Figure 4b). The localised 
surface plasmon resonance (LSPR) of the silver NPs can be seen in 
the UV-visible spectrum at 410 nm for Chem-Ag@SDS@SWCNTs 
and at 404 nm for UV-Ag@SDS@SWCNTs. This blue shift could 



result from the smaller particle sizes and/or charge transfer to the NP 
surface. A few additional peaks are visible at lower energy for UV- 
Ag@SDS@SWCNTs (Figure 4c). Some of these peaks are assigned to 
the von Hove singularities of SWCNTs (see Supplementary 
Information Figure S6); other peaks centred at 465, 497, 537 and 
620 nm have been previously assigned to coupled SPR modes in 
Ag dimers or Ag NP chains 36 " 38 (see Supplementary Information 
Figure S7). Interestingly, no remarkable additional peaks are 
observed at lower energy for Chem-Ag@SDS@SWCNTs, which 
indicates that the coupling of LSPR is very different between the 
chemical reduction sample and the photoreduction sample. 

We have extensively investigated the origin of the strongest addi- 
tional mode at 969 cm" 1 while considering the different interactions 
that occur in nanostructures. This mode's intensity is comparable to 
that of the G-band of carbon nanotubes. This mode does not appear 
in the SDS@SWCNT and Chem-Ag@SDS@SWCNT samples, and 
this mode is weak in the UV-SDS@Ag sample and very weak in 
Chem-SDS@Ag sample (see Figure 5). Furthermore, this mode is 
not present for the SDS molecules (see Supplementary Information 
Figure S4). The physics of the intermediate frequency modes (IFM) 
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Figure 4 | Schematic representation of LSPR coupling between Ag dimers (a), UV-visible absorption spectra of Ag nanoparticles precipitated onto 
SDS-functionalised SWCNTs by chemical reduction (Chem-Ag@SDS@SWCNT) and by photoreduction (UV-Ag@SDS@SWCNT) (b) and peak fitting 
of UV-Ag@SDS@SWCNTs (c). Black line and red line in (c) are original and simulated spectra, respectively. 



of the SWCNT between 600-1 100 cm" 1 is complex, and only one of 
them, the intermediate frequency mode (IFM+), appears at this 
position (960 cm" 1 ), which corresponds to a two-phonon double 
resonance 39 ; however, this IFM+ mode is very weak compared to 
the strong 969 cm" 1 mode found in our sample. Nevertheless, a 
mode at 974 cm" 1 has previously been observed for SDS-functiona- 
lised silica 40 and has been assigned to the v as (C-0-S) vibration. In 
their SERS experiments of S0 2 adsorbed on silver, Matsuta et al. 41 
observed a mode at 925 cm" 1 due to the S0 3 2 " group, but under an 
oxidative atmosphere (S0 2 /0 2 mixture), a new peak resulting from 
sulphur oxidation (S0 4 2 ") appeared at 960 cm" 1 . In our samples, the 
extremely strong mode at 969 cm" 1 could result from a specific 
silver/sulphate group interaction that is induced by UV irradiation. 
The Raman shift position of this mode coincides with the strong 
Raman modes of silver sulphate, Ag 2 S0 4 , at 968 cm" 1 (see 
Figure 5). Due to the hydrophilic silver/SDS interaction, the highly 
polarisable sulphate group is expected to behave as a nucleation site 
for silver photo-nucleation. After particle growth, SDS molecules 
remain at the surface of the silver NP, and the sulphate groups are 
mainly confined to a region where the EF is strong, i.e., in the gap 
between silver NP dimers and in the gap between the silver NPs and 
SWCNTs. 

The extremely large intensity of this mode may also be due to the 
occurrence of a charge transfer mechanism at the surface of the silver 
particles. A schematic representation is given to describe the charge 
transfer effect for the enhanced Raman vibration of the 969 cm" 1 
mode (see Figure 6). The HOMO and LUMO levels of SDS are 
7.66 and 2.88 eV, respectively, from the vacuum energy level 42 . 
The work function of Ag has been reported as 4.26 eV 43 . The work 
function of SWCNTs is 4.5 eV 44 , while the band gap (0.6 ~ 0.8 eV) 
according to the theoretical value of semiconducting SWCNTs with 
diameters distributed at approximately 1.0 ~ 1.3 nm 45 , which is the 
diameter distribution of the SWCNTs used in our study. The energy 
difference is 1.38 eV (k = 898 nm) between the E F of Ag and the 
LUMO of SDS and 1.92 ~ 2.02 eV (X = 646 ~ 614 nm) between 
the HOMO of SWCNTs and the LUMO of SDS. Hence, both the 
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Figure 5 | Raman spectra of silver sulphate (Ag 2 S0 4 , (a)), silver nitrate 
(AgN0 3 , (b)), Ag nanoparticles obtained by the chemical reduction of the 
silver nitrate solution in the presence of SDS Chem-Ag@SDS (c), Ag 
obtained by the photoreduction of the silver nitrate solution in the 
presence of SDS UV-Ag@SDS (d) and Ag nanoparticles precipitated onto 
SDS-functionalised SWCNTs by photoreduction (UV-Ag@SDS@ 
SWCNTs) (e). 
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514.5-nm laser and the 632.8-nm laser can provide sufficient energy 
for electron excitation and charge transfer from Ag to SDS. The 
514.5-nm laser is also effective for the change transfer from the 
HOMO of SWCNTs to the LUMO of SDS. By contrast, the 632.8- 
nm laser only excites the charge transfer of some SWCNTs when the 
energy gap is less than ^ max = 632.8 nm. The excited electrons enter 
the LUMO of SDS from the conduction band of the Ag nanoparticles 
and from the LUMO of the SWCNTs, which results in highly 
polarised S0 4 2 ~ groups and thus greatly enhances the Raman vibra- 
tion at 969 cm" 1 . In this case, the strong differences in the Raman 
intensities observed for the Chem- and UV-samples are related not 
only to the particle size distributions (because the NPs obtained by 
chemical reduction are supposed to produce strong EF enhancement 
under 514.5-nm wavelength excitation) but also to surface interac- 
tions. According to the "adatom model", which predicts enhanced 
Raman scattering by adsorbate vibrations through the photon - 
excited charge transfer transition from localised electronic states at 
sites of atomic-scale roughness 46 ' 47 (see Supplementary Information 
Figure S8), the adsorbed sulphate group of the SDS surfactant could 
stabilise the Ag adatoms formed during the photoreduction process. 
By contrast, under chemical reduction, the nucleation sites are dif- 
ferent and are related to the presence of a reducing agent in the 
solution. In the latter case, the stabilisation of adatoms by sulphate 
groups is not predominant. Electrochemical SERS measurements 48 
have suggested that the adatom-ligand surface complex is assumed to 
dissociate when the electrode potential is sufficiently large for the 
ligands to desorb. In our experiments, the number of SERS active 
sites could vary with the number of adatoms, unstable clusters and 
surface defects on silver NPs, which are expected to be very different 
between chemical reduction and photoreduction. 



The second strongest Raman mode occurs at 1201 cm" 1 in UV- 
Ag@SDS@SWCNTs. This mode is not visible on the Raman spec- 
trum of SDS molecules, and no other Raman modes are expected in 
this region. However, the infrared spectra of carbohydrate O- 
sulphates 49 are characterised by a strong v as S = O bond at 
— 1230 cm" 1 . This IR mode is Raman non-active; nevertheless, an 
IR-active mode may not be ruled out for the SERS spectra because of 
the strong influence from the EF 50 . The selection rules can be altered 
by the change in symmetry due to the image charge in the metal 51 , by 
a change in site symmetry with surface bonding 52 or by the nature of 
the EF. An internal EF has been shown to change the Raman selec- 
tion rules in semiconductors that lack a symmetry centre 53 . When the 
gradient of the EF is large, such as at a metallic surface, the selection 
rules can also be modified 54 . 

It is difficult to quantify the improvement in the Raman signal due 
to charge transfer; indeed, the extremely strong Raman mode 
observed at 969 cm" 1 results from a charge transfer between the 
sulphate group, and silver cannot be observed in pure SDS. The 
1201 cm" 1 mode is not Raman active in SDS; hence, no reference 
value can be used to calculate the enhancement of the strongest 
modes. Both with and without enhancement, only the high frequency 
modes (-CH 2 at 2850-2890 cm" 1 ) are observed. A rough estimation 
of this enhancement factor (G) is the following: 



VSERS Iref 



(i) 



where reference spectrum is taken on SDS powder. The V S ers has 
been estimated to be approximately 2 X 10 4 nm 3 and accounts for an 
average distance of 50 nm between the SWCNTs and a spot diameter 
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Figure 6 | Schematic representation of the enhanced Raman vibration of the 969 cm 1 mode. The band gap of the SWCNTs shown in the scheme is 
0.6 eV for a diameter of — 1.3 nm. 
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of approximately 0.5 |im (see Supplementary Information Figure 
S9). Due to the weak absorption of the SDS powder at 514.5 nm, 
the V re fis the confocal volume of approximately 0.5 to 1 um 3 . Under 
the same excitation power and time conditions, the intensity ratio 

J ^^~0.1. As a result, the enhancement factor is estimated to be 

Iref 

~10 4 -10 5 for the high-frequency modes. Charge transfer supports a 
very large enhancement of the Raman signal. 

Strong modifications are also observed for UV-Ag@SDS@ 
SWCNTs in the RBM spectral region, consisting of a new broad 
and strong mode at 226 cm" 1 . The large number of very small silver 
NPs that interact strongly with the SWCNTs via the SDS bridging 
molecules modifies the intertube forces. A calculation of the Raman 
intensity shows that the RBM of the single SWCNT disappears in 
bundles to give rise to two strong peaks due to the intertube forces 
that prevail over the elastic forces of the tube 55 . Another explanation 
for this 226 cm" 1 mode could be the molecular oxygen species on the 
surface of silver, as suggested by Waterhouse et al 56 

The strong modifications of the Raman spectra observed at the 
intermediate frequencies (400-1250 cm" 1 ) are associated with mod- 
ifications of the G-band. It has been previously suggested that the line 
shape of this mode is related to the splitting of G modes and to the 
contribution of the BWF mode that results from the plasmon coup- 
ling between metallic tubes 57 . However, the BWF mode, which is 
considered to be a sensitive experimental probe of plasmon effects 
in SWCNT bundles, is not resonant under 514.5-nm excitation. 
Here, we suggest that the strong narrowing of the G-band in the 
UV-Ag@SDS@SWCNT samples could result from a selective 
enhancement of one of the Raman scattering modes induced by 
the Ag chain along the nanotube. The strong interaction between 
the SDS sulphate group and the silver NPs in the UV-irradiated 
samples and the related charge transfer could be responsible for 
the changes in the G-band 58 . 

From these experiments, it is evident that UV exerts the strongest 
effects. Usually, very small Ag NPs are not expected to significantly 
enhance the field 59,60 . However, the calculations are difficult for these 
particle sizes because dielectric functions do not include nonlocal or 
size-dependant dielectric functions for particles whose diameter is 
close to the bulk mean electron free path, typically less than 5 nm. 
The electron tunnelling between NPs along Ag NP chains with very 
small gaps could also move the LSPR to a higher frequency, but this 
mechanism is still under discussion and requires a quantum 
treatment. 

This work demonstrated for the first time that the unique structure 
of very small Ag NPs (approximately 4-7 nm), which were created 
from a template of self-organised SDS molecules on SWCNTs, gen- 
erated strong Raman scattering at 969 cm" 1 and 1201 cm" 1 . The 
origin of these extremely strong modes is clearly related to the UV 
photoreduction process. We assigned the extremely strong mode at 
969 cm" 1 to the sulphate -silver interaction at the NP surface; this 
interaction is associated with a charge transfer mechanism that 
results from the UV photoreduction process. The 1201 cm" 1 mode 
could be an IR-active mode of the SDS that is observed in our sample 
because of an alteration of the selection rules due to symmetry 
changes. The Raman intensities strongly depend on the reduction 
conditions. We suggest that not only particle sizes but also defects on 
the NP surface that during the nucleation mechanism could be 
responsible for this strong scattering. With UV reduction, the sul- 
phate groups of the SDS surfactant act as a nucleation site, stabilising 
the silver complex on the NP surface. Most of the SERS experiments 
show that very small NPs do not produce a strong field enhancement; 
however, numerical simulations using Maxwell's equations lead to 
questionable results when the particle sizes become smaller than the 
mean electron free path or when the distance between the NPs in the 
Ag chains could lead to significant electron tunnelling. The "adatom 
model" proposed nearly twenty years ago could support our 



observations on the strong differences between the chemically 
reduced and UV photoreduced samples. The nucleation mechanisms 
are very different, and a silver- sulphate complex could be stabilised 
in the latter case, giving rise to a larger number of SERS sites. 
Moreover, we also demonstrated that the presence of SWCNTs is 
necessary to produce the strong Raman scattering. The mechanism is 
not yet clearly elucidated, but we demonstrated that the Raman 
modes of the SWCNTs (RBM and G-band) are also strongly modi- 
fied by the presence of very small silver NPs along the nanotubes. 

Methods 

Preparation of SDS@SWCNTs. The arrangement of noble metal NPs, which are 
tailored by the supramolecular self-assembly of SDS molecules that are wrapped on 
HiPco SWCNTs, is obtained by chemical synthesis as previously described for 
palladium 23 . During the first step, 40 mg of commercial HiPco SWCNTs (Carbon 
Nanotechnologies Inc., Houston, TX, USA) are dispersed in 80 mL of distilled water 
with 400 mg of sodium dodecyl sulphate (SDS) (Kishida Chemical Co., LTD, Osaka, 
Japan). After grinding of the sample with 5-mm media zirconia balls during a 4-hour 
ultrasonication procedure, the resulting black dispersion was centrifuged twice 
(8000 rpm, 1 hr), yielding a well-dispersed supernatant of SWCNTs. 

Preparation of Ag@SDS@SWCNT. In the present work, the reduction of silver salt 
at the surface of an SDS-functionalised SWCNT suspension was achieved by using 
photoreduction (UV-Ag@SDS@SWCNTs) and chemical reduction (Chem-Ag@ 
SDS@SWCNTs). In the photoreduction method, silver nanoparticles were obtained 
by the addition of 1 mL of an aqueous solution of silver nitrate (AgN0 3 ) (0.02 M) 
into 10 mL of the resulting SWCNT dispersion and then subjected to supersonic 
treatment. The Ag + ions were then reduced by photoreduction using a Spectroline 
hand-held UV lamp (^ max = 254 nm). In the chemical reduction method, the Ag + 
ions were reduced by the addition of a fresh aqueous sodium borohydride (NaBH 4 ) 
solution (0.01 M). 

Preparation SDS@Ag and SDS on Ag SERS. For better interpretation of the results, 
further Raman experiments were also performed with reference samples, including 
SDS on Ag SERS substrates, SDS@Ag nanoparticles (obtained by chemical- and 
photoreduction methods), Pd@SDS@SWCNTs and UV-irradiated SDS@SWCNTs. 
The Raman spectra of SDS were obtained for three forms: SDS powder; SDS films 
evaporated on a glass substrate from an aqueous solution (1 g.L" 1 ); and SDS films 
evaporated on silver SERS substrates (showing an average roughness of 
approximately 22 nm). 

Characterisation of samples. After silver reduction, the nanostructures were 
deposited on a carbon-coated Cu grid and studied by transmission electron 
microscopy (JEM-2100F, JEOL, Japan). The absorption spectra were measured using 
a transmission UV-visible spectrophotometer (UV-3100PC, Shimadzu, Japan). 
Infrared spectra were obtained by diffuse reflectance FTIR (IR Prestige-21 
spectrometer, Shimadzu, Japan). For the Raman experiments, 10 uL drops of the 
SWCNT suspensions were deposited onto glass slides and dried in air at room 
temperature. We used a Labram HR800 Horiba Jobin-Yvon spectrometer with an 
Ar + laser beam excitation at 514.5 nm. The beam, whose power ranged from 10 |iW 
to 2 mW to assess thermal effects, was focussed on the samples with a 100 X objective 
(NA 0.9), leading to an illuminated area of approximately 0.7 um 2 , which includes 
several SWCNT bundles. For additional Raman experiments, a HeNe 632.8-nm laser 
excitation was used. 
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